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Description 

w [0001] This Invention relates to high-performance rare earth permanent magnets having a high coercive force, and to 
methods of making them. 

5 

- BACKGROUND 

[0002] Because of excellent magnetic properties, Nd-Fe-B permanent magnets find an ever increasing range of ap- 
plication. To meet the recent concern about the environmental problem, the range of utilization of magnets has spread 
io to cover household appliances, industrial equipment, electric automobiles and wind power generators. This requires to 
further increase the coercive force of Nd-Fe-B magnets. 

[0003] For increasing the coercive force of Nd-Fe-B magnets, there have been proposed many approaches including 
refinement of crystal grains, use of alloy compositions with Increased Nd contents, and addition of effective elements. 
The current most common approach is to use alloy compositions in which Nd is partially replaced by Dy or Tb. By 
is substituting Dy or Tb for some Nd in NdpPe . ,.B compound, the compound is increased in both anisotropic magnetic field 
and coercive force. On the other hand, th* s? ^ostitution with Dy or Tb results in the compound having reduced saturation 
magnetic polarization. Therefore, as long as ft is intended to increase the coercive force by this approach, a lowering of 
remanence is inevitable. 

[0004] In Nd-Fe-B magnets, the magnitude of an external magnetic field, which creates the nuclei of reverse magnetic 

20 domains at grain boundaries, provides a coercive force. The nucleation of reverse magnetic domains is largely affected 
by the structure of grain boundary, and a disorder of crystalline structure adjacent to the boundary or interface induces 
a disorder of magnetic structure and facilitates formation of reverse magnetic domains. Although the coercive force of 
Nd-Fe-B magnets reaches a theoretical maximum as high as 6 MA/m with Tb or Dy-free. compositions, the magnetic 
field actually created by reverse magnetic domains, that is, coercive force is about 1 MA/m at best. Although it is expected 

25 that a drastic increase of coercive force be achieved by merely improving the magnetic structure adjacent to the boundary 
or interface, it is difficult to produce an effective form of structure for coercive force enhancement. 
[0005] Under these circumstances, it was reported that when a magnet body having metallic Dy sputtered on its 
surface is heat treated, a high coercive force is achieved while maintaining a high remanence (residual magnetic flux 
density). See K. T. Park, K. Hiraga and M. Sagawa, "Effect of Metal-Coating and Consecutive Heat Treatment on 

30 Coerc'rvity of Thin Nd-Fe-B Sintered Magnets," Proceedings of the Sixteen International Workshop on Rare-Earth Mag- 
nets and Their Applications, Sendal, p. 2.57, 2000. Relying on the same principle, an attempt was made to simplify the 
process by modifying the apparatus so as to enable three-dimensional sputtering {see JP-A 2004-304038). In addition 
to the sputtering, the rare earth metal may be fed by many techniques such as evaporation, Ion plating, laser deposition, 
CVD, MO-CVD, and plating (see JP-A 2005-01 1 973). These techniques except the plating technique are not regarded 

35 efficient As pointed out in JP-A 2005-01 1973, it is essential for this procedure that a series of steps from film formation 
to the end of heat treatment be carried out in a clean atmosphere containing no more than several tens of ppm of oxygen 
and water vapor In order to prevent the rare earth metal from oxidation and impurities from admission. The procedure 
is extremely unproductive as the magnet material manufacturing process. 

[0006] Japanese Patent No. 3,471 ,876 discloses a rare earth magnet having improved corrosion resistance, comprising 
40 at least one rare earth element R, which is obtained by effecting f iuorinating treatment in a fluoride gas atmosphere or 
an atmosphere containing a fluoride gas, to form an RF 3 compound or an RO x F y compound (wherein x and y have 
values satisfying 0 < x < 1 .5 and 2x+y = 3) or a mixture thereof with R in the constituent phase in a surface layer of the 
magnet, and further effecting heat treatment at a temperature of 200 to 1 , 200° C. 

[0007] JP-A 2003-282312 discloses an R-Fe-(B,C) sintered magnet (wherein R is a rare earth element, at least 50% 
*5 of R being Nd and/or Pr) having improved magnetizabllity which is obtained by mixing an alloy powder for R-Fe-(B.C) 
sintered magnet with a rare earth fluoride powder so that the powder mixture contains 3 to 20% by weight of the rare 
earth fluoride (the rare earth being preferably Dy and/or Tb), subjecting the powder mixture to orientation in a magnetic 
field, compaction and sintering, whereby a primary phase is composed mainly of Nd 2 Fe 14 B grains, and a particulate 
grain boundary phase is formed at grain boundaries of the primary phase or grain boundary triple points, said grain 
so boundary phase containing the rare earth fluoride, the rare earth fluoride being contained in an amount of 3 to 20% by 
weight of the overall sintered magnet. Specifically, an R-Fe-(B.C) sintered magnet (wherein R is a rare earth element, 
at least 50% of R being Nd and/or Pr) is provided wherein the magnet comprises a primary phase composed mainly of 
Nd 2 Fe 14 B grains and a grain boundary phase containing a rare earth fluoride, the primary phase contains Dy and/or Tb, 
and the primary phase includes a region where the concentration of Dy and/or Tb is lower than the average concentration 
55 of Dy and/or Tb in the overall primary phase. 

[0008] These proposals, however, are still insufficient in producing magnets having a high coercive force. 

[0009] An object herein is to provide new and useful high-performance R-Fe-B permanent magnets (wherein R is at 

least two selected from rare earth elements inclusive of Sc and Y) which exhibit a high coercive force, and methods of 
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Vnaking fhem. 

[0010] Regarding R-Fe-B siritered magnets (wherein R Is one or more elements selected from rare earth elements 
A Inclusive of Sc and Y), typically Nd-Fe-B sintered magnets, the Inventors have found that when a magnet body Is heated 
at a temperature not higher than a sintering temperature and In such a state that the fluoride of R which Is chemically 

s stable and easy to handle may be provided from the magnet body surface, both R and fluorine are efficiently absorbed 
, by the magnet body along grain boundaries. Specifically, Dy or Tb and F are enriched only in proximity to interfaces 
between grains, a grain boundary phase having Dy orTb enrbhed forms a network structure continuous from the magnet 
surface, and Dy or Tb and F are distributed such that their concentration increases on the average from the center to 
the surface of the magnet body. All these features cooperate to enhance a coercive force. 

io [0011]; ' Accordingly, the present invention provides a rare earth permanent magnet in the form of a sintered magnet 
body having an alloy composition R 1 a R 2 b T cAj p e 0 f M g wherein R 1 is at least one element selected from rare earth 
elements inclusive of Sc and Y and exclusive of Tb and Dy, R 2 is one or both of Tb and Dy, T is one or both of iron and 
cobalt, A Is one or both of boron and carbon, F is fluorine, O is oxygen, and M is at least one element selected from the 
group consisting of Al, Cu, Zn, In, Si, P, S, Tl, V, Cr, Mn, Ni, Ga, Ge, Zr, Nb, Mo, Pd, Ag, Cd, Sn, Sb, Hf, Ta, and W, a 

15 through g indicative of atom percents of the corresponding elements in the alloy have values in the range: 10 £ a+b s 
15, 3 £ d £ 15, 0.01 £ e £ 4, 0.04 s f £ 4, 0.01 £ g £ 1 1 , the balance being c, said magnet body having a center and a 
surface. Constituent elements F and R 2 are distributed such that their concentration increases on the average from the 
center toward the surface of the magnet body. Grain boundaries having a concentration of R 2 /(R 1 +R 2 ) which Is on the 
average higher than the concentration of R 2 /(R 1 +R 2 ) contained in primary phase grains of (R\ R 2 ) 2 T 14 A tetragonal 

20 system form a three-dimensional network structure which is continuous from the magnet body surface to a depth of at 
least 10 \xm. 

[0012] In a preferred embodiment, the oxyfluoride of (R^R 2 ) Is present at the grain boundaries in a grain boundary 
region that extends from the magnet body surface to a depth of at least 20 pjn, and particles of the oxyfluoride having 
an equivalent circle diameter of at least 1 are distributed in the grain boundary region at a population of at least 

25 2,000 particles/mm 2 , and the oxyfluoride is present in an area fraction of at least 1%. 

[0013] In a preferred embodiment, the oxyfluoride of (R 1 ,R 2 ) at grain boundaries contains Nd and/or Pr, and an atomic 
ratio of Nd and/or Pr to (R 1 +R 2 ) contained in the oxyfluoride at grain boundaries is higher than an atomic ratio of Nd 
and/or Prto (R 1 +R 2 ) contained at grain boundaries excluding the oxyfluoride and the oxide of R 3 wherein R 3 is at least 
one element selected from rare earth elements inclusive of Sc and Y. 

30 [0014] In preferred embodiments, R 1 comprises at least 10 atom% of Nd and/or Pr; T comprises at least 60 atom% 
of iron;^ and A comprises at least 80 atom% of boron. 

[0015] The present invention is successful in providing R-Fe-B sintered magnets which exhfott a high coercive force. 

* 

BRIEF DESCRIPTION OF THE DRAWINGS 

35 

[0016] 

FIGS. 1a and 1b are photomicrographs showing a Dy distribution image in a magnet body M1 manufactured in 
Example 1 and a Dy distribution image in a magnet body P1 as machined and heat treated, respectively. 
40 FIG. 2a, 2b, and 2c are photomicrographs showing compositional distribution Images of Nd, O, and F in the magnet 

body M1 of Example 1, respectively. 

FURTHER EXPLANATIONS: OPTIONS AND PREFERENCES 

45 [0017] The rare earth permanent magnet of the present invention is in the form of a sintered magnet body having an 
alloy composition of the formula (1 ). 



so R^RVr^F.O^ ( 1 ) 



Herein R 1 is at least one element selected from rare earth elements inclusive of Sc and Y and exclusive of Tb and Dy, 
R 2 is one or both of Tb and Dy, T Is one or both of iron (Fe) and cobalt (Co), A is one or both of boron and carbon, F Is 
55 fluorine, O is oxygen, and M is at least one element selected from the group consisting of Al, Cu, Zn, In, Si, P, S, Ti, V, 
Cr, Mn, Ni, Ga, Ge, Zr, Nb, Mo, Pd, Ag, Cd, Sn, Sb, Hf, Ta, and W. The subscripts a through g indicative of atom percents 
of the corresponding elements in the alloy have values In the range: 1 0 £ a-tb < 1 5, 3 £ d s 1 5, 0.01 £ e £ 4, 0.04 £ f £ 
4, 0.01 £ g s 1 1 , the balance being c. 
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• » 

[0018] Specifically, R 1 Is selected from among Sc, Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Ho, Er, Yb, and Lu. Desirably, R 1 
contains Nd and/or Pr as a main component, the content of Nd and/or Pr being preferably at least 1 0 atom%, more 

* preferably at least 50 atom% of R 1 . R 2 is one or both of Tb and Dy. 

[001 9] The total amount (a+b) of R 1 and R 2 is 1 0 to 1 5 atom%, as recited above, and preferably 1 2 to 1 5 atom%. The 
5 amount (b) of R 2 Is preferably 0.01 to 8 atom%, more preferably 0.05 to 6 atom%, and even more preferably 0. 1 to 5 atom%. 

• [0020] The amount (c) of T, which is Fe and/or Co, is preferably at least 60 atom%, and more preferably at least 70 
atom%. Although cobalt can be omitted (i.e., 0 atorn%), cobalt may be included in an amount of at (east 1 atom%, 
preferably at least 3 atom%, more preferably at least 5 atom% for improving the temperature stability of remanence or 
other purposes. 

w [0021] Preferably A, which is boron and/or carbon, contains at least 80 atom%, more preferably at least 85 atom% of 
boron. The amount (d) of A is 3 to 1 5 atom%, as recited above, preferably 4 to 1 2 atom%, and more preferably 5 to 8 atom%. 
[0022] The amount (e) of fluorine is 0.01 to 4 atom%, as recited above, preferably 0.02 to 3.5 atom%, and more 
preferably 0.05 to 3.5 atom%. At too low a fluorine content, an enhancement of coercive force is not observable. Too 
high a fluorine content alters the grain boundary phase, leading to a reduced coercive force. 

15 [0023] The amount (f) of oxygen is 0.04 to 4 atom%, as recited above, preferably 0.04 to 3.5 atom%, and more 
preferably 0.04 to 3 atom%. 

[0024] The amount (g) of other metal element M is 0.01 to 1 1 atom%. as recited above, preferably 0.01 to 8 atom%, 
and more preferably 0.02 to 5 atom%. The other metal element M may be present in an amount of at least 0.05 atom%. 
and especially at least 0.1 atom%. 

20 [0025] It Is noted thai the sintered magnet body has a center and a surface. In the invention, constituent elements F 
and R 2 are distributed in the sintered magnet body such that their concentration increases on the average from the 
center of the magnet body toward the surface of the magnet body. Specifically, the concentration of F and R 2 is highest 
at the surface of the magnet body and gradually decreases toward the center of the magnet body. Fluorine may be 
absent at the magnet body center although the invention prefers that the oxyfluoride of R 1 and R 2 typically (R 1 vx R2 x) 

25 OF (wherein x is a number of 0 to 1) be present at grain boundaries in a grain boundary region that extends from the 
magnet body surface to a depth of at least 20 nm While grain boundaries surround primary phase grains of (R 1 , R 2 ) 2 T 14 A 
tetragonal system within the sintered magnet body, the concentration of R 2 / (R 1 +R 2 ) contained in the grain boundaries 
is on the average hlgherthan the concentration of R 2 /(R 1 +R 2 ) contained in the primary phase grains. The grain boundaries 
having a concentration of R 2 / (R 1 +R2) which is on the average higher than the concentration of R 2 /(R 1 +R 2 ) contained 

30 in the primary phase grains should form a three-dimensional network structure which is continuous from the magnet 
body surface to a depth of 10 jim, more preferably to a depth of 13 |im, even more preferably to a depth of 16 tun. It 
ensures a high coercive force that the grain boundaries form a continuous three-dimensional network structure having 
a high R 2 concentration. 

[0026] In a preferred embodiment, the oxyfluoride of (R'.R 2 ) is present at grain boundaries In a grain boundary region 
35 that extends from the magnet body surface to a depth of at least 20 jim. Particles of the oxyfluoride having an equivalent 
circle diameter of at least 1 p,m should preferably be distributed in the grain boundary region at a population of at least 
2,000 particles/mm 2 , more preferably at least 3,000 particles/mm 2 most preferably 4,000 to 20,000 particles/mm 2 . The 
oxyfluoride should preferably be present tn an area fraction of at least 1%, more preferably at least 2%, most preferably 
2.5 to 10%. The number and area fraction of particles are determined by taking a compositional distribution image by 
40 electron probe microanalysis (EPMA), processing the image, and counting oxyfluoride particles having an equivalent 
circle diameter of at least 1 jun. 

[0027] in a further preferred embodiment, the oxyfluoride of (R\R 2 ) present at grain boundaries contains Nd and/or 
Pr, and an atomic ratio of Nd and/or Pr to (R 1 +R2) contained in the oxyfluoride at grain boundaries is higher than an 
atomic ratio of Nd and/or Pr to (R 1 +R 2 ) contained at grain boundaries excluding the oxyfluoride and the oxide of R 3 

45 wherein R 3 is at least one element selected from rare earth elements inclusive of Sc and Y. 

[0028] The rare earth permanent magnet of the invention can be manufactured by feeding a powder containing R 2 
and fluorine components to the surface of an R-Fe-B sintered magnet body, and causing the magnet body to absorb 
the components. The R-Fe-B sintered magnet body, in turn, can be manufactured by a conventional process including 
crushing a mother alloy, milling, compacting and sintering. 

so [0029] The mother alloy used herein contains R, T, A, and M. R is at least one element selected from rare earth 
elements inclusive of Sc and Y. R is typically selected from among Sc, Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, 
Yb, and Lu. Desirably, R contains Nd, Pr and Dy as main components. These rare earth elements inclusive of Sc and 
Y are preferably present In an amount of 10 to 15 atom%, more preferably 12 to 15 atom% of the overall alloy. More 
desirably, R contains one or both of Nd and Pr in an amount of at least 1 0 atom%, especially at least 50 atom% of the 

55 entire R. T is one or both of Fe and Co, and Fe Is preferably contained In an amount of at least 50 atom%, and more 
preferably at least 65 atom% of the overall alloy. A is one or both of boron and carbon, and boron is preferably contained 
In an amount of 2 to 15 atom%, and more preferably 3 to 8 atom% of the overall alloy. M is at least one element selected 
from the group consisting of A1, Cu, Zn, In, Si, P, S, Ti, V, Cr, Mn, Ni, Ga, Ge, Zr, Nb, Mo, Pd, Ag, Cd, Sn, Sb, Hf, Ta, 
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'and W. IW may be contained In an amount of 0.01 to 11 atom%, and preferably 0.1 to 5 atom% of the overall alloy. The 
balance is composed of Incidental Impurities such as N and O. ~ * 

[0030] Mother alloy is typically prepared by melting metal or alloy feeds in vacuum or an inert gas atmosphere, typically 
argon atmosphere, and casting the melt into a flat mold or book mold or strip casting. A possible alternative is a so- 
called two-alloy process Involving separately preparing an alloy approximate to the R 2 Fe 14 B compound composition 
constituting the primary phase of the relevant alloy and an R-rich alloy serving as a liquid phase aid at the sintering 
temperature, crushing, then weighing and mixing them. Notably, the alloy approximate to the primary phase composition 
is subjected to homogenizing treatment, if necessary, forthe purpose of increasing the amount of the R2Fe 14 B compound 
phase, since ct-Fe is likely to be left depending on the cooling rate during casting and the alloy composition. The 
homogenizing treatment is a heat treatment at 700 to 1 ,200°C for at least one hour in vacuum or in an Ar atmosphere. 
To the.R-rich alloy serving as a liquid phase aid, a so-called melt quenching or strip casting technique is applicable as 
well as the above-described casting technique. 

[0031]; The mother alloy is generally crushed to a size of 0.05 to 3 mm, preferably 0.05 to 1 .5 mm. The crushing step 
uses a-Brown mill or hydriding pulverization, with the hydriding pulverization being preferred for those alloys as strip 
cast. The coarse powder Is then finely divided to a size of generally 0.2 to 30 n.m, preferably 0.5 to 20 n,m, for example, 
by a jet mill using nitrogen under pressure. The oxygen content of the sintered body can be controlled by admixing a 
minor amount of oxygen with the pressurized nitrogen at this point. The oxygen content of the final sintered body, which 
is given as the oxygen Introduced during the preparation of the ingot plus the oxygen taken up during transition from the 
fine powder to the sintered body, is preferably 0.04 to 4 atom%, more preferably 0.04 to 3.5 atom%. 
[0032] The fine powder is then compacted under a magnetic field on a compression molding machine and placed In 
a sintering furnace. Sintering is effected in vacuum or in an inert gas atmosphere usually at a temperature of 900 to 
1 ,250°C, preferably 1,000 to 1 f 100°C. The thus sintered magnet contains 60 to 99 vo(%, preferably 80 to 98 vol% of the 
tetragonal RgFe 14 B compound as a primary phase, the balance being 0.5 to 20 vol% of an R-rich phase, 0 to 1 0 vol% 
of a B-rich phase, 0.1 to 1 0 voi% of R oxide, and at least one of carbides, nitrides and hydroxides of incidental impurities 
or a mixture or composite thereof. 

[0033] The sintered magnet body (or sintered block) is machined to a predetermined shape, on which absorptive 
treatment is carried out to produce a form of magnet according to the invention. As described above, the magnet of the . 
invention is obtainable by causing the magnet body to absorb R 2 and fluorine atoms. The fluoride of R 2 may be used to 
this end because the fluoride of R 2 is chemically stable as compared with a metallic form of R 2 , especially a metallic 
thin film of R 2 and does not undergo any chemical change even when comminuted into fine particles. The use of R 2 
fluoride. In powder form is advantageous because it can be supplied directly to the magnet body without a need for a 
speciakapparatus as required for sputtering. For Its preparation, the fluoride of R 2 does not require a clean atmosphere 
or a special apparatus requiring careful operation such as a globe box. Accordingly, the magnet of the Invention can be 
manufactured at a high productivity. 

[0034] in one typical example, a powder containing the fluoride of R 2 is mixed with a liquid such as alcohol to form a 
slurry, which is applied to the surface of the magnet body. The liquid is evaporated off, leaving the magnet body packed 
with the fluoride powder. The magnet body packed with the fluoride powder is heat treated in vacuum or In an atmosphere 
of Inert gas such as Ar or He at a temperature of not higher than the sintering temperature (referred to as Ts), preferably 
200° C to (Ts-5)° C, especially 250° C to (Ts-1 0)° C for about 0.5 to 1 00 hours, preferably ebout 1 to 50 hours. Through 
the heat treatment, R 2 and fluorine are infiltrated In the magnet and the oxide of R 1 within the sintered magnet body 
reacts with fluorine to make a chemical change into an oxyfluoride. 

[0035] The oxyfluoride of R (rare earth elements inclusive of Sc and Y) within the magnet is typically ROF, although 
It generally denotes oxyfluorides containing R, oxygen and fluorine that can achieve the effect of the invention including 
RO fn F n (wherein m and n are positive numbers) and modified or stabilized forms of RO m F n wherein part of R is replaced 
by a metal element 

[0036] The amount of fluorine absorbed in the magnet body at this point varies with the composition and particle size 
of the powder used, the proportion of the powder occupying the magnet surface-surrounding space during the heat 
treatment, the specific surface area of the magnet, the temperature and time of the heat treatment although the absorbed 
fluorine amount is preferably 0.01 to 4 atom%, more preferably 0.05 to 3.5 atom%. The absorbed fluorine amount is 
further preferably 0.02 to 3.5 atom%, especially. 0.05 to 3.5 atom% in order that particles of the oxyfluoride having an 
equivalent circle diameter of at least 1 be distributed along the grain boundaries at a population of at least 2,000 
particles/mm 2 more preferably at least 3,000 partlcles/rnm 2 . For absorption, fluorine fe fed to the surface of the sintered 
magnet body In an amount of preferably 0.03 to 30 mg/cm 2 more preferably 0.15 to 15 mg/cm 2 of the surface. 
[0037] As described above, in a region that extends from the magnet body surface to a depth of at least 20 ^m, 
particles of the oxyfluoride having an equivalent circle diameter of at least 1 pm are distributed at grain boundaries at 
a population of at least 2,000 particles/rnm 2 The depth from the magnet body surface of the region where the oxyfluoride 
is present can be controlled by the concentration of oxygen in the magnet body. In this regard, ft Is recommended that 
the concentration of oxygen contained in the magnet body be 0.04 to 4 atom%, more preferably 0.04 to 3.5 atom%, 
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most preferably 0.04 to 3 atom%. If the depth from the magnet body surface of the region where the oxyfluoride is 
present, the particle diameter of the oxyfluoride, and the population of the oxyfluoride are outside the above-specified 

* ranges, undesirably the electric resistivity of the magnet body could not be effectively increased. 

[0038] Through the heat treatment, the R 2 component is also enriched adjacent to grain boundaries. The total amount 
s of R 2 component absorbed in the magnet body Is preferably 0.005 to 2 atom%, more preferably 0.01 to 2 atom%, even 

• more preferably 0.02 to 1 .5 atom%. For absorption, the R 2 component is fed to the surface of the magnet body in a total 
amount of preferably 0.07 to 70 mg/cm 2 more preferably 0.35 to 35 mg/cm 2 of the surface. This ensures thai continuous 
three-dimensional network grain boundaries having a high R 2 concentration form to a depth of at least 1 0 jtm, especially 
at least 13 p,m, more especially at least 16 |xm from the surface. 

10 [0039] The permanent magnet material thus obtained can be used as a high -performance permanent magnet in 
various applications including motors and pickup actuators. 

EXAMPLE 

is [0040] Examples of the present invention are given below by way of illustration and not by way of limitation. 
Example 1 and Comparative Example 1 

[0041 ] An alloy in thin plate form was prepared by using Nd, Al, and Fe metals of at least 99 wt% purity and ferro boron, 
20 weighing predetermined amounts of them, high-frequency melting them in an Ar atmosphere, and casting the melt onto 
a single chill roll of copper (strip casting technique). The alloy consisted of 13.5 atom% Nd, 0.5 atom% A1 , 5.8 atom% 
B, and the balance of Fe. It is designated alloy A. 

[0042] Separately, an alloy in ingot form was prepared by using Nd, Tb, Fe, Co, Al, and Cu metals of at least 99 wt% 
purity and ferroboron, weighing predetermined amounts of them, high-frequency melting them In an Ar atmosphere, and 
25 casting the melt In a flat mold. The alloy consisted of 20 atom% Nd, 10 atom% Tb, 24 atom% Fe, 6 atom% B, 1 atom% 
A1 , 2 atom% Cu, and the balance of Co. It is designated alloy B. 

[0043] These alloys were ground to a size of under 30 mesh, by hydriding pulverization for alloy A and by crushing In 
a nitrogen atmosphere on a jaw crusher and a Brown mill in sequence for alloy B. 

[0044] Subsequently, the powders of alloys A and B were weighed and mixed in a ratio of 92 wt% to 8 wt%. On a jet 
30 mill using nitrogen gas under pressure, the powder mixture was finely divided into a powder with a mass base median 
diameter of 4.1 |xm. The fine powder was oriented in a magnetic field of 15 kOe under a nitrogen atmosphere and 
compacted under a pressure of about 1 ton/cm 2 . The compact was then placed in a sintering furnace with an Ar atmos- 
phere where ft was sintered at 1 ,060°C for 2 hours, obtaining a magnet block. Using a diamond cutter, the magnet block 
was machined on all the surfaces to dimensions of 10 mm x 10 mm x 2 mm thick. The magnet body was successively 
35 washed with alkaline solution, delonized water, nitric acid and deionized water, and dried. 

[0045] Next, dysprosium fluoride powder having an average particle size of 2 yjm was mixed with ethanol in a weight 
fraction of 50% to form a slurry. The slurry was spray coated to the entire surfaces of the magnet body* The coated 
magnet body was dried in air. The amount of dysprosium fluoride fed was 3.3 mg/cm 2 . Thereafter, the packed magnet 
body was subjected to absorptive treatment in an Ar atmosphere at 800°C for 10 hours and then aging treatment at 
40 500°C for 1 hour and quenched, obtaining a magnet body within the scope of the invention. This magnet body is 
designated M1 . For comparison purposes, a magnet body was similarly prepared by effecting heat treatment without 
the dysprosium fluoride package. This is designated P1 . 

[0046] The magnet bodies M1 and P1 were measured for magnetic properties (remanence Br, coercive force Hcj, 
(BH)max), with the results shown in Table 2. The compositions of the magnets are shown in Table 3. The magnet M1 

45 of the invention marked a coercive force Increase of 425 kArrr 1 relative to the coercive force of the magnet P1 having 
undergone heat treatment without the dysprosium fluoride package while showing a remanence decline of 5 mT. 
[0047] The magnet bodies M1 andPt were analyzed by electron probe microanalysis (EPMA), with their Dy distribution 
images being shown in FIGS. 1a and 1b. Since the source alloy for the magnet is free of Dy, bright contrast spots 
indicative of the presence of Dy are not found in the image of P1 . In contrast, the magnet Ml having undergone absorptive 

50 treatment with the dysprosium fluoride package manifests that Dy is enriched only at grain boundaries and that the grain 
boundary phase having Dy enriched is distributed as a three-dimensional network continuous from the surface of the 
magnet body to a depth of 40 jim. FIG. 1a illustrates a Dy distribution image adjacent to the surface. For the magnet 
M1 having Dy absorbed therein, average concentrations of Dy and F were computed from analysis of the distribution 
images. Table 1 shows how the concentrations of Dy and F change depthwise from the magnet body surface. It Is seen 

55 that the concentrations of Dy and F enriched along grain boundaries become lower at more inward positions within the 
magnet. 

[0048] FIG. 2 illustrates distribution Images of Nd, O and F under the same field of view as in FIG. 1 . It is understood 
that fluorine once absorbed reacts with neodymium oxide already present within the magnet to form neodymium oxy- 
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•fluoride/A number of NdOF particles are distributed in the surface layer. In this region, those NdOF particles having an 
equivalent circle diameter of at least 1 had a population of 5,000 particles/mm* and an area fraction of 4.7%. 



Table 1 



Distance from magnet surface, jun 


Average Dy concentration, mass% 


Average F concentration, mass% 


10 


6.1 


2.1 


20 


5.3 


1.6 


50 


2.4 


0.3 


•r 100 


1.3 


0.1 


200 


0.8 


<0.1 


500 


0.3 


<0.1 



Example 2 and Comparative Example 2 



[0049] An alloy in thin plate form was prepared by using Nd, Pr, Co, Al, and Fe metals of at least 99 wt% purity and 
^ ferroboron, weighing predetermined amounts of them, high-frequency melting them in an Ar atmosphere, and casting 
the melt onto a single chill roll of copper (strip casting technique). The alloy consisted of 1 1 .5 atom% Nd, 2.0 atom% Pr, 
1.0 atom% Co, 0.5 atom% Al, 5.8 atom% B, and the balance of Fe. It Is designated alloy A. 

[0050] Separately, an alloy In ingot form was prepared by using Nd, Dy, Fe, Co, Al, and Cu metals of at least 99 wt% 
purity and ferroboron, weighing predetermined amounts of them, high-frequency melting them in an Ar atmosphere, and 
22 casting the melt In a flat mold. The alloy consisted of 20 atom% Nd, 10 atom% Dy, 24 atom% Fe, 6 atom% B, 1 atom% 
A1 , 2 atom% Cu, and the balance of Co. It Is designated alloy B. 

[0051] These alloys were ground to a size of under 30 mesh, by hydriding pulverization for alloy A and by crushing in 
a nitrogen atmosphere on a jaw crusher and a Brown mill in sequence for alloy B. 

[0052] Subsequently, the powders of alloys A and B were weighed and mixed In a ratio of 92 wt% to 8 wt%. On a jet 
30 mill using nitrogen gas under pressure, the powder mixture was finely divided into a powder with a mass base median 
diameter of 3.9 jim. The fine powder was oriented In a magnetic field of 15 kOe under a nitrogen atmosphere and 
compacted under a pressure of about 1 ton/cm2 The compact was then placed in a sintering furnace with an Ar atmos- 
phere where it was sintered at 1 ,050°C for 2 hours, obtaining a magnet block. Using a diamond cutter, the magnet block 
was machined on ail the surfaces to dimensions of 10 mm x 10 mm x 3 mm thick. The magnet body was successively 
35 washed with alkaline solution, deionized water, nitric acid and delonized water, and dried. 

[0053] Next, terbium fluoride powder having an average particle size of 2 jim was mixed with ethanol in a weight 
fraction of 50% to form a slurry. The slurry was spray coated to the entire surfaces of the magnet body. The coated 
magnet body was dried in air. The amount of terbium fluoride fed was 5. 1 mg/cm* Thereafter, the packed magnet body 
was subjected to absorptive treatment in an Ar atmosphere at 800°C for 15 hours and then aging treatment at 500°C 
^ for 1 hour and quenched, obtaining a magnet body within the scope of the invention. This magnet body is designated 
M2. For comparison purposes, a magnet body was similarly prepared by effecting heat treatment without the terbium 
fluoride package. This is designated P2. 

[0054] The magnet bodies M2 and P2 were measured for magnetic properties (Br, Hcj, (BH)max), with the results 
shown in Table 2. The compositions of the magnets are shown in Table 3. The magnet M2 of the invention marked a 
45 coercive force increase of 760 kArrr i relative to the coercive force of the magnet P2 having undergone heat treatment 
without the terbium fluoride package while showing a remanence decline of 5 mT. The Tb and F distribution Images of 
the magnet body M2 by EPMA were equivalent to the Dy distribution and F images In Example 1. The concentration 
distributions of elements In the surface layer of the magnet body M2 were analyzed by EPMA, finding that a number of 
ROF particles were present In the same form as In Example 1 . 

50 

Example 3 and Comparative Example 3 

[0055] An alloy In thin plate form was prepared by using Nd, Al, Cu, and Fe metals of at least 99 wt% purity and 
ferroboron, weighing predetermined amounts of them, high-frequency melting them in an Ar atmosphere, and casting 
55 • the melt onto a single chOI roll of copper (strip casting technique). The alloy consisted of 13.2 atom% Nd, 0.5 atom% 
A1 , 0.3 atom% Cu, 5.8 atom 0 /© B, and the balance of Fe. 

[0056] The alloy was ground to a size of under 30 mesh by the hydriding technique. On a jet mill using nitrogen gas 
under pressure, the coarse powder was finely divided into a powder with a mass base median diameter of 4.4 ^m. The 
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fine powder was oriented in a magnetic field of 1 5 kOe under a nitrogen atmosphere and compacted under a pressure 
of about 1 ton/cm 2 . The compact was then placed in a sintering furnace with an Ar atmosphere where it was sintered 
^at 1,060°C for 2 hours, obtaining a magnet block. Using a diamond cutter, the magnet block was machined on all the 
surfaces to dimensions of 3 mm x 3 mm x 3 mm thick. The magnet body was successively washed with alkaline solution, 
s delonized water, nitric acid and deionized water, and dried. 

'[0057] Next, terbium fluoride powder having an average particle size of 2 u.m was mixed with deionized water in a 
weight fraction of 50% to form a slurry. The magnet body was immersed in the slurry for 1 minute while sonicating the 
slurry, taken up and immediately dried with hot air. The amount of terbium fluoride fed was 1.8 mg/cm 2 . The magnet 
body packed with terbium fluoride powder was subjected to absorptive treatment in an Ar atmosphere at 900°C for 2 
hours and then aging treatment at 50O°C for 1 hour and quenched, obtaining a magnet body within the scope of the 
invention. This magnet body is designated M3. For comparison purposes, a magnet body was similarly prepared by 
effecting heat treatment without the terbium fluoride package. This is designated P3. 

[0058] The magnet bodies M3 and P3 were measured for magnetic properties (Br, He], (BH)max), with the results 
shown In Table 2. The compositions of the magnets are shown in Table 3. The magnet M3 of the invention marked a 
15 coercive force increase of 730 kAnr 1 relative to the coercive force of the magnet P3 having undergone heat treatment 
without the terbium fluoride package while showing a remanence decline of 5 ml The Tb and F distribution images of 
the magnet body M3 by EPMA were equivalent to the Dy distribution and F images in Example 1. The concentration 
distributions of elements in the surface layer of the magnet body M3 were analyzed by EPMA, finding that a number of 
ROF particles were present in the same form as in Example 1 . 

20 

Example 4 and Comparative Example 4 

[0059] An alloy in thin plate form was prepared by using Nd, Pr, A!, Cu, Zr, and Fe metals of at least 99 wt% purity 
and ferroboron, weighing predetermined amounts of them, high-frequency melting them in an Ar atmosphere, and casting 
2S the melt onto a single chill roll of copper (strip casting technique). The alloy consisted of 1 1 .0 atom% Nd, 2.2 atom% Pr, 
0.5 atom% Al, 0.3 atom% Cu, 0.2 atom% Zr, 6.0 atom% B, and the balance of Fe. 

[0060] The alloy was ground to a size of under 30 mesh by the hydriding technique. On a jet mill using nitrogen gas 
under pressure, the coarse powder was finely divided into a powder with a mass base median diameter of 3.8 |im. The 
fine powder was oriented In a magnetic field of 15 kOe under a nitrogen atmosphere and compacted under a pressure 
30 of about 1 ton/cm 2 . The compact was then placed in a sintering furnace with an Ar atmosphere where it was sintered 
at 1 ,070°C for 2 hours, obtaining a magnet block. Using a diamond cutter, the. magnet block was machined on all the 
surfaces to dimensions of 5 mm x 5 mm x 2 mm thick. The magnet body was successively washed with alkaline solution, 
deionized water, nitric acid and deionized water, and dried. 

[0061] Next, terbium fluoride, dysprosium fluoride and neodymlum oxide in powder form were weighed and mixed In 
35 a weight fraction of 40%, 30% and 30%. The terbium fluoride, dysprosium fluoride and neodymium oxide powders had 
an average particle size of 2 ^un, 1 0 u-m, and 1 pm t respectively. The powder mixture was mixed with ethanol in a weight 
fraction of 50% to form a slurry. The magnet body was immersed in the slurry for 1 minute while sonicating the slurry, 
taken up and immediately dried with hot air. The total amount of terbium fluoride and dysprosium fluoride fed was 2.9 
mg/cm 2 . The magnet body packed with the powder was subjected to absorptive treatment in an Ar atmosphere at 850°C 
to for 8 hours and then aging treatment at 500°C for 1 hour and quenched, obtaining a magnet body within the scope of 
the invention. This magnet body is designated M4. For comparison purposes, a magnet body was similarly prepared by 
effecting heat treatment without the powder package. This is designated P4. 

[0062] The magnet bodies M4 and P4 were measured for magnetic properties (Br, Hcj, (BH)max), with the results 
shown in Table 2. The magnet M4 of the invention marked a coercive force increase of 570 kAnr 1 relative to the coercive 
45 force of the magnet P4 having undergone heat treatment without the fluoride package while showing a remanence 
decline of 5 mT. The concentration distributions of.eiements in the surface layer of the magnet body M4 were analyzed 
by EPMA, finding that a number of ROF particles were present In the same form as in Example 1 . 

Examples 5-9 and Comparative Examples 5-9 

so 

[0063] An alloy in thin plate form was prepared by using Nd, Pr, Al, Cu, Ta, Sn, Gs. v.- Hf, and Fe metals of at least 
99 wt% purity and ferroboron, weighing preoetermined amounts of them, high-freque'v./ melting them in an Ar atmos- 
phere, and casting the melt onto a single chill roll of copper (strip casting technique). Tns alloy consisted of 1 1 .0 atom% 
Nd, 2.2 atom% Pr, 0.5 atom% Al, 0.3 atom% Cu, 6.0 atom% B, 0.7 atom% M\ and the balance of Fe. Note that M' is 
55 any one of Ta, Sn, Ga, Mn, and Hf. 

[0064] The alloy was ground to a size of under 30 mesh by the hydriding technique. On a jet mill using nitrogen gas 
under pressure, the coarse powder was finery divided into a powder with a mass base median diameter of 3.9-4.3 pm. 
The fine powder was oriented in a magnetic field of 15 kOe under a nitrogen atmosphere and compacted under a 
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'pressure* of about 1 ton/cm 2 . The compact was then placed in a sintering furnace with an Ar atmosphere where it was 
sintered at 1,060°Cfor2 hours, obtaining a magnet block. Using a diamond cutter, the magnet block was machined on 
all the surfaces to dimensions of 20 mm x 20 mm x 3 mm thick. The magnet body was successively washed with alkaline 
solution, deionized water, citric acid and deionized water, and dried. 

[0065] Next, terbium fluoride powder having an average particle size of 2 yum was mixed with ethanol in a weight 
fraction of 50% to form a slurry. The magnet body was immersed in the slurry for 1 minute while sonicating the slurry, 
taken up and immediately dried with hot air. The amount of terbium fluoride fed was 2.1 mg/cm 2 . The magnet body 
packed with the powder was subjected to absorptive treatment in an Ar atmosphere at 800°C for 8 hours and then aging 
treatment at 500°C for 1 hour and quenched, obtaining a magnet body within the scope of the invention. These magnet 
bodies.are designated M5 to M9 in the order of NT = Ta, Sn, Ga, Mn, and Hf. For comparison purposes, magnet bodies 
were similarly prepared by effecting heat treatment without the powder package. They are designated P5 to P9. 
[0066] : The magnet bodies M5 to M9 and P5 to P9 were measured for magnetic properties (Br, Hcj, (BH)max), with 
the results shown in Table 2. The compositions of the magnets are shown in Table 3. The magnets of the invention 
markedva coercive force increase of 400 to 800 kAnr 1 relative to the coercive force of the magnets having undergone 
heat treatment without the terbium fluoride package while showing a remanence decline of approximately 5 mT. The 
concentration distributions of elements in the surface layer of the magnet bodies M5 to M9 were analyzed by EPMA, 
finding that a number of ROF particles were present in the same form as in Example 1 . 



Table 2 
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30 



40 



45 





»" U ) 


LJ/O /l/A/ m \ 

ncj ^K/vnri/ 


\Drijmax [KJ/rn ) 


Example 1 


M1 


1.415 


1450 


392 


Example 2 


M2 


1.400 


1824 


384 


Example 3 


M3 


1.445 


1610 


409 


Example 4 


M4 


1.435 


1570 


404 


Example 5 


M5 


1.395 


1600 


381 


Example 6 


M6 


1.405 


1450 


387 


Example 7 


M7 


1.430 


1680 


401 


Example 8 


M8 


1.395 


1760 


381 


Example 9 


M9 


1.405 


1530 


387 


Comparative Example 1 


P1 


1.420 


1025 


395 


Comparative Example 2 


P2 


1.405 


1065 


386 


Comparative Example 3 


P3 


1.450 


880 


412 


Comparative Example 4 


P4 


1.440 


1000 


406 


Comparative Example 5 


P5 


1.400 


1080 


383 


Comparative Example 6 


P6 


1.415 


1020 


392 


Comparative Example 7 


P7 


1.435 


1160 


403 


Comparative Example 8 


P8 


1.400 


960 


382 


Comparative Example 9 


P9 


1.410 


1050 


390 



SO 
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Table 3 





Pr [at. 
%] 


Nd [at. 
%] 


Tb[at. 
%] 


Dy [at. 
%] 


T[at. 
%] 


A [at. 

%] 


0[at. 
%] 


F[at 
%] 


M*[at 
%] 


Example 1 


M1 


0.000 


13.684 


0.789 


0.165 


77.924 


5.763 


0.486 


0.495 


0.694 


Example 2 


M2 


1.990 


11.884 


0.142 


0.781 


77.898 


5.761 


0.425 


0.412 


0.693 


Example 3 


M3 


0.000 


12.804 


0.242 


0.000 


78.943 


5.712 


0.709 


0.802 


0.788 
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(continued) 
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Pr [at. 


Nd [at. 


Tb[at. 


Dy [at. 
* j 


T[at. 


A [at. 


O [at. 


F [at 
j 


M* [at. 
%) 


Example 4 


M4 


2 130 


10.650 

p ^^^^^^ 


0.141 


0.140 


78.394 


5.897 


0.825 


0.840 


0.983 


Example 5 


M5 


2.150 


10.752 


0.123 


0.000 


78.485 


5.954 


0.360 


0.488 


1.687 


Example 6 


M6 


2.150 


10.749 


0.142 


0.000 


78.459 


5.952 


0.417 


0.445 


1.686 


Example 7 


M7 


2.123 


10.617 


0.322 


0.000 


77.453 


5.879 


0.941 


0.998 


1.666 


Example 8 


M8 


2.146 


10.732 


0.121 


0.000 


78.336 


5.943 


0.355 


0.682 


1.684 


example 9 




2.112 


1 0.562 


0.405 


0.000 


77.020 


5.849 


1.187 


1.208 


1.657 


Comparative 

example i 


PI 


0.000 


13.771 


0.796 


0.000 


78.434 


5.800 


0.000 


0.501 


0.698 


Comparative 
example ^ 


P2 


2.001 


11.950 


0.000 


0.797 


78.341 


5.793 


0.000 


0.420 


0.697 


Comparative 
example 3 


P3 


0.000 


12.924 


0.000 


0.000 


79.71 1 


5.765 


0.000 


0.805 


0.795 


Comparative 
Example 4 


P4 


2.153 


10.766 


0.000 


0.000 


79.281 


5.962 
— — — 


0.000 


0.845 


0.994 


Comparative 
Example 5 


P5 


2.161 


10.803 


0.000 


0.000 


78.864 


5.982 


0.000 


0.495 


1.695 


Comparative 
Example 6 


P6 


2.162 


10.809 


0.000 


0.000 

• 


78.906 


5.985 


0.000 


6.442 


1.696 


Comparative 
Example 7 


P7 


2.150 


10.749 


0.000 


0.000 


78.459 


5.952 


0.000 


1.004 


1.686 


Comparative 
Example 8 


P8 


2.156 


10.782 


0.000 


0.000 


78.707 


5.971 


0.000 


0.692 


1.692 


Comparative 
Example 9 


P9 


2.145 


10.726 


0.000 


0.000 


78.290 


5.940 


0.000 


1.216 


1.683 


* Total amount of element as M In formula (1 ). 
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[0067] Analytical values of rare earth elements were determined by entirely dissolving samples (prepared as In Ex- 
amples and Comparative examples) in aqua regia, and effecting measurement by Inductively coupled plasma (ICP), 
analytical values of oxygen determined by inert gas fusion/infrared absorption spectroscopy, and analytical values of 
fluorine determined by steam distillation/Alfusone colorimetry. 

[0068] It will of course be understood that in numerical ranges given herein, the technical reasons for the upper and 
the lower limits naturally differ so that the upper and lower limits constitute independent technical criteria. 



45 



so 



Claims 
1. 



A rare earth permanent magnet in the form of a sintered magnet body having an alloycomposition R^^^cAd^oOf^g 
wherein R 1 is at least one element selected from rare earth elements, Sc and Y, but excluding Tb 
and Dy, R 2 is one or both of Tb and Dy, T is one or both of iron and cobalt, A is one or both of boron and carbon, 
F. is fluorine, O is oxygen, and M is at least one element selected from A1, Cu t Zn, In, Si, P, S, Ti, V, 
Cr, Mn, Ni, Ga, Ge, Zr, Nb, Mo. Pd, Ag, Cd, Sn, Sb, Hf, Ta, and W, indices a to g, indicating atom percents of the 
corresponding elements in the alloy, have values satisfying: 10 £ a+d <, 15, 3 < d s 15, 0.01 £ e s 4, 0.04 < f s 4, 
0.01 £ g s 1 1 , the balance being c, said magnet body having a center and a surface, 

wherein constituent elements F and R 2 are distributed such that their concentration Increases on the average from 
the center toward the surface of the magnet body, and grain boundaries having an R 2 concentration R 2 /(R 1 +R2) 
which is on the average higher than the R 2 concentration R 2 /(R 1 +R 2 ) contained in primary phase grains of (R 1 , 
R2) 2 T 14 A tetragonal system form a three-dimensional network structure which is continuous from the magnet body 
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surface to a depth of at least 10 jim. 

The rare earth permanent magnet of claim 1 wherein the oxyfluoride of (F^.R 2 ) is present at the grain boundaries 
in a grain boundary region that extends from the magnet body surface to a depth of at least 20 jtm, and particles 
qf said oxyfluoride having an equivalent circle diameter of at least 1 jim are distributed In said grain boundary region 
at a population of at least 2,000 particles/mm 2 , and said oxyfluoride is present in an area fraction of at least 1%. 

The rare earth permanent magnet of claim 1 or 2 

wherein the oxyfluoride of (R\R 2 ) at grain boundaries contains Nd and/or Pr, and 

an atomic ratio of Nd and/or Prto (R 1 +R 2 ) contained in the oxyfluoride at grain boundaries is higher than an atomic 
ratio of Nd and/or Pr to (R^R 2 ) contained at grain boundaries excluding the oxyfluoride and the oxide of R 3 
wherein R 3 is at least one element selected from rare earth elements inclusive of Sc and Y. 

The rare earth permanent magnet of any one of claims 1 to 3 wherein R 1 comprises at least 10 atom% of Nd and/or Pr. 

The rare earth permanent magnet of any one of claims 1 to 4 wherein T comprises at least 60 atom% of iron. 

♦ ■ * 

The rare earth permanent magnet of any one of claims 1 to 5 wherein A comprises at least 80 atom% of boron. 

• • • 

A method of making a rare earth permanent magnet haying increasing levels of R2 and F towards its surface and 
a three-dimensional network of relatively R 2 -rich grain boundaries to a depth of at least 10 itm t as defined in claim 
1 1 comprising applying a powder containing R 2 and fluorine components to the surface of an R-Fe-B sintered magnet 
body and causing the magnet body to absorb the components! 
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(54) Rare earth permanent magnet 

(57) A rare earth permanent magnet is in the form of 
a sintered magnet body having a composition 
R1 a R2 b T cAf F e 0 f M 9 wherein F and R2 are distributed 
such that their concentration increases on the average 
from the center toward the surface of the magnet body, 
and grain boundaries having a concentration of R 2 / 
(R 1 +R 2 ) which is on the average higherthan the concen- 



tration of R 2 /(R 1 +R 2 ) contained in primary phase grains 
of (R^R^T^A tetragonal system form a three-dimen- 
sional network structure which is continuous from the 
magnet body surface to a depth of at least 10 |im. The 
invention provides R-Fe-B sintered magnets which ex- 
hibit a high coercive force. 
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